This paper describes the design and characterization of a directional Solid State Detector (SSD) that generates images of radiation point sources and scatter patterns from irradiated targets, thus accurately identifying their locations. Previous papers demonstrated that other types of directional radiation sensors, such as Ionization Chambers, GeigerMueller and Scintillation Counters, can be designed to detect and locate arrays of gamma ray and x-ray point sources and broad scatter patterns.
Introduction
The initial work (1, 2) in the development of directional detectors of g a m a and x-ray sources involved three types of directional sensors: Ionization Chamber (IC), GeigerMueller counter (GM), and Scintillation Counter (SC). They utilized planar high/low atomic number materials on either side of the detector type. Experiments conducted with those sensors demonstrated that they have 477 solid angles of acceptance and that arrays of discrete point sources of cesium, cobalt, and x-rays can be detected and located accurately by angle and distance. The angular locations of the sources were determined from either the scan data or the first derivative of these data. The intensities of the sources were shown by an analytical derivation (2) to be proportional to the first derivatives of the scan data.
In those investigations, we demonstrated that an angular resolution of 1.25 seconds of arc was achievable (1) with the IC sensor. The SC detector (a scintillator package consisting of 12 sandwiches of lucite/ scintillator/lead layers on a two inch photomultiplier tube) was shown to be capable of l o c a t i n g a cesium source with a dose rate of 13 prads/h at the detector location (2). That sensor's sensitivity was increased by using a much larger scintillator and photomultiplier tube. The sensitivity of that larger device (3) was shown to be 6 counts/photon-cm2 (thus capable of locating a cesium source with a dose rate of 3 prads/h). That work was expanded in this study to demonstrate that a Solid State Detector (SSD) sandwiched between layers of high/low Z materials can be designed to generate images of radiation point sources and broad patterns of scattered photons. Experiments showed that the SSD sensor was able to see through walls of concrete and to locate point sources in the same manner as previous designs (2). The objective of this report is to present the results of this latest research.
Principle Of Directional Photon Sensing
The principle of operation and design of directional sensors used in this study was described in reference (1) and (2); however, for the convenience of this paper's readers a part of that text is repeated here. A planar detector (e.g. a layer of scintillator) which is thin compared with the applicable ranges of the photo-Compton electrons is sandwiched between plates of low and high Z (atomic number) materials. For quantum energies of gamma rays greater than 0.6 MeV, the number of electrons emitted from the surfaces of the two layers into the detector is greater when the gammas enter through the low Z-layer than when they enter through the high Z-layer (2). For lower quantum energies the emission effect is reversed, but now the incident gamma rays are attenuated more by the high Z-layer than the low Z-layer. Thus the signal is again greater when the gamma rays e n t e r through t h e l o w Z-materials compared to the signal when the gamma U.S. Government Work Not Protected by US. Copyright r a y s e n t e r through t h e high Z-layer. The worst c a s e energy i s about 0 . 6 MeV which i s c l o s e t o t h e 0 . 6 6 2 gaxuna rays emitted by "'61s. Thus, i f t h e sensor works f o r a cesium s o u r c e t h e n it w i l l work f o r a m a j o r i t y of o t h e r quantum e n e r g i e s .
Experimental D e s c r i p t i o n
The d e t e c t o r p a r t of t h e SSD i s a Canberra P I P S (B300AM) d e v i c e , 385 p t h i c k , f u l l y d e p l e t e d n / y diode with an a c t i v e a r e a of 3 0 0 mm t h a t i s designed f o r c o u n t i n g b e t a p a r t i c l e s . To u s e it a s a d i r e c t i o n a l d e t e c t o r , t h e standard d e s i g n was modified by adding lead and t i s s u e e q u i v a l e n t p l a s t i c ( h i g h f l o w Z combination) t o e i t h e r s i d e of t h e d e t e c t o r . Preliminary experiments w e r e made with t h i s modified d e s i g n ( h e r e a f t e r r e f e r r e d t o a s " o l d SSD") . The s i l i c o n wafer was t h e n removed from i t s housing and mounted i n an enclosure which c o n s i s t e d of 2 . 5 1 mm t h i c k w a l l of l e a d on one s i d e and of
mm t h i c k w a l l of p l a s t i c on t h e o p p o s i t e s i d e . Conductive rubber 0-r i n g s t h a t w e r e removed from t h e o r i g i n a l housing made e l e c t r i c a l
Concrete blocks w e r e placed between a 6aCo s o u r c e and t h e SSD. The s e n s o r scanned t h e i n c i d e n t garmna r a y s a s it r o t a t e d through 360'. The S c i n t i l l a t i o n Counter ( S c ) d i r e c t i o n a l d e t e c t o r ( p r e v i o u s l y used and d e s c r i b e d i n r e f e r e n c e 2 ) was a l s o used t o s c a n t h e c o b a l t s o u r c e i n t h e same experimental s e t u p . The r e s u l t s o f t h i s new SSD design w e r e t h e n compared t o t h e s t a n d a r d S C d e t e c t o r which served a s o u r r e f e r e n c e .
Sources of137Cs and low energy xr a y s w e r e also scanned by t h e old and new SSDs. The x-ray source i s an i n d u s t r i a l 3 0 0 KV machine made by S i e f f e r t I n c of Germany. The d e r i v a t i v e s ( i n t h i s experiment) w e r e determined by c u r v e f i t t i n g second o r d e r r e g r e s s i o n f u n c t i o n s t o a p p r o p r i a t e r e g i o n s of t h e scan response. Although t h e a n g u 
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wafer i n i t s a c t i v e r e g i o n as is shown i n Fig. 1 . T h e t h i c k n e s s o f t h e F i g u r e 2 shows t h e p l o t of t h e SC rubber r i n g s r e s u l t e d i n an a i r gap s c a n d a t a a s w e l l as t h e d e r i v a t i v e of 495 put on each side, T h i s of t h e s e data € o r t h e c o n c r e t e block repackaged version i s r e f e r r e d h e r e s e t u p . The corresponding r e s u l t s t o as t h e "new SSD". o b t a i n e d w i t h t h e SSD s e n s o r a r e shown i n F i g . 3 . F i g u r e 4 d i s p l a y s t h e scan d a t a of 1 7 4 keV x-rays taken with t h e " o l d SSD". The s c a n r e s u l t s of a 13'Cs p o i n t s o u r c e t h a t w e r e obtained by t h e o l d and new SSDs a r e compared i n F i g . 5 . A comparison of new SSD scans f o r a low and a high i n t e n s i t y p o i n t s o u r c e of 13'cs i s shown i n Fig. 6 . 
D i s c u s s i o n
The SC scan measurements i n Fig. 2 show t h a t a t 135" a change i n t h e response s l o p e p o i n t
s o u t t h e l o c a t i o n of t h e edge of t h e c o n c r e t e block and t h a t t h e scattered r a d i a t i o n i s now e n t e r i n g p a r a l l e l t o t h e l e a d emitter of t h e d e t e c t o r . T h e s l o p e remains c o n s t a n t f o r 45' u n t i l 180' i s reached, t h e n a s h a r p change i n s l o p e o c c u r s . T h i s new s l o p e r e p r e s e n t s t h e r e g i o n of t h e u n s c a t t e r e d r a d i a t i o n , s t a r t i n g a t an
a n g l e of 180.25'.
When t h e d e t e c t o r reaches 180.5" , t h e change of s l o p e is towards a s h a l l o w e r d e c r e a s e . This shallower d e c r e a s e i s i n t h e r e g i o n of t h e s c a t t e r p a t t e r n from t h e remainder of t h e b l o c k , f o l l o w i n g t h e p a t t e r n of u n s c a t t e r e d r a d i a t i o n . I n t h e e x p e r m e n t a l s e t u p , t h e primary source was l i n e d up w i t h t h e c e n t e r of t h e blocks and t h e a n g l e subtended a t t h e d e t e c t o r w a s 90°, t h a t is 4 5 " t o e i t h e r s i d e of t h e primary beam.
T h e d e r i v a t i v e of t h e s c a n c l e a r l y shows t h e o c c u r r e n c e of t h e t r a n s i t i o n r e g i o n s a t t h e edges of t h e c o n c r e t e and t h e primary beam.
The subsequent r o t a t i o n of t h e s e n s o r c a u s e s t h e r e s p o n s e t o l e v e l o u t a s t h e d e t e c t o r i s exposed t o a c o n s t a n t m i x t u r e of scatter ( t h i s also i n c l u d e s t h e scatter from t h e w a l l s and o t h e r o b j e c t s i n t h e room)
and p r m a r y r a d i a t i o n . As t h e r e a r edge of t h e d e t e c t o r comes around, t h e m i r r o r image b e g i n s t o t a k e shape a t about 315' where t h e forward s c a t t e r from t h e c o n c r e t e g e n e r a t e s a t r a n s i t i o n s l o p e i n t h e r a n g e of 315' t o 360'. T h i s s l o p e t e r m i n a t e s a t 360' and i s t h e n followed by t h e change i n slope d u e t o t h e primary r a d i a t i o n r e g i o n (360.25' t o 360.5').
I t can b e s e e n from b o t h o f t h e d e r i v a t i v e p l o t s ( i . e . direct and m i r r o r image d e r i v a t i v e s ) t h a t t h e l o c a t i o n of t h e source is a t 180'.
Figure 3 contains a plot of the s c a n r e s u l t s f o r t h e same s e t u p a s i n t h e S C experiment t h a t w e r e t a k e n w i t h t h e o l d SSD s e n s o r . The l o c a t i o n of t h e p o i n t s o u r c e i s c l e a r l y
a n g u l a r r e s o l u t i o n of t h e SSD s e n s o r i n l o c a t i n g t h e c o n c r e t e -s c a t t e rp a t t e r n s and t h e primary photons compared to t h e SC, is very a p p a r e n t from F i g s . 2 and 3 . Bowever, t h e primary s o u r c e w a s s t i l l l o c a t e d by t h e SSD t o w i t h i n about two d e g r e e s of i t s l o c a t i o n behind t h e c o n c r e t e b l o c k s . I n t h e case of t h e d e t e r m i n a t i o n of t h e blocks a n g u l a r w i d t h from t h e scan d a t a , t h e a c c u r a c y w a s w i t h i n about 5 " a s i n d i c a t e d i n F i g . 3 .
a v e r a g e energy of 1 . 2 5 MeV. TO d e m o n s t r a t e t h e d i r e c t i o n a l p r o p e r t y f o r l o w e r quantum e n e r g i e s , t h e old SSD w a s used t o scan v a r i o u s e f f e c t i v e x-ray e n e r g i e s , ranging from 14 t o 250 keV. F i g u r e 4 shows t h e data t h a t w e r e o b t a i n e d by t h e SSD i n s c a n n i n g t h e x-ray s o u r c e of 1 7 4 keV ( e f f e c t i v e energy o b t a i n e d w i t h s p e c i f i c , c a l i b r a t e d f i l t e r s ) . The c h a r a c t e r i s t i c s h a r p t r a n s i t i o n s a t 90' and 270" ( d i r e c t and m i r r o r images) i n d i c a t e t h e l o c a t i o n of t h e f o c a l spot on t h e x-ray t u b e ' s t u n g s t e n t a r g e t . S i m i l a r d e t e c t o r r e s p o n s e s w e r e o b t a i n e d for t h e o t h e r x-ray e n e r g i e s a s w e l l .
The gamma r a y s from c o b a l t have an
The s h a p e of t h e response c u r v e w a s improved by removing t h e s i l i c o n d e t e c t o r from i t s steel c o n t a i n e r and repackaging it between l e a d and t i s s u e e q u i v a l e n t p l a s t i c as shown i n F i g . 1. T h i s c o n t a i n e r d e s i g n allowed t h e lead and p l a s t i c l a y e r s t o be c l o s e t o b o t h s i d e s of t h e s i l i c o n w a f e r w i t h o u t t h e i n t e r v e n t i o n of t h e steel w a l l . The scan d a t a of a '"Cs p o i n t s o u r c e t h a t w e r e taken by t h e o l d and new SSDs are compared i n Fig. 
5.
The new SSD has a f l a t t e r scan c u r v e i n t h e r e g i o n s between t h e t r a n s i t i o n s a t 0 ' and 180' ( s o u r c e l o c a t i o n s ) compared t o t h e response of t h e o l d SSD. I n a d d i t i o n , t h e angular r e s o l u t i o n of t h e new SSD i s b e t t e r t h a n t h e o l d one. The removal of t h e o r i g i n a l steel c o n t a i n e r w a s p r o b a b l y r e s p o n s i b l e f o r t h e change i n t h e s h a p e of t h e scan response. F i g u r e 6 shows s c a n s of a cesium s o u r c e by t h e new SSD for a l o w and a h i g h dose rate of 2 mrads/hr and 1 r a d / h , r e s p e c t i v e l y . The d a t a were obtained by simply scanning t h e same s o u r c e w i t h t h e d e t e c t o r l o c a t e d a t t w o d i f f e r e n t d i s t a n c e s from t h e s o u r c e . I t c a n be s e e n from Fig. 6 t h a t t h e a n g u l a r r e s o l u t i o n f o r t h e 
